Introduction
Ectodermal dysplasias (EDs) are a group of disorders characterized by developmental abnormalities in at least 2 of the following 4 structures: hair, teeth, nails and sweat glands. To be classified as ED, a syndrome is required to have abnormalities in at least 2 of the 4 listed tissues. Hypohidrotic ectodermal dysplasia (HED), the most common type of EDs, is inherited most commonly as an Xlinked recessive disease but can also be inherited in autosomal dominant and recessive patterns [1] [2] [3] . Clinically, patients may be born with a collodion membrane. Hair abnormalities can range from mild hair loss to a complete absence of hair. Frequently, when the hair is present, it is usually hypopigmented but tends to darken around puberty. In addition to the hair abnormalities, patients have failed development of the eccrine sweat glands, which is also variable among the patients. A characteristic presentation includes repeated episodes of elevated body temperature that can be life-threatening because of the inability to sweat [4, 5] .
Hypodontia/oligodontia is a universal feature among HEDs and may be associated with peg-shaped teeth. HED patients have a characteristic facies which includes frontal bossing, absent or scarce eyebrows, saddle nose, periorbital wrinkling and hyperpigmentation, sebaceous gland hyperplasia, an uncommon finding possibly compensating for hypohidrosis, and thickened, everted lips. Some patients may exhibit thickened viscous nasal and respiratory tract secretions with recurrent infections, suggesting that secretory glands in addition to the eccrine sweat glands are also affected [4, 5] .
The molecular basis of X-linked hypohidrotic ectodermal dysplasia (XLHED) involves disruption in ectodysplasin A (EDA). EDA is a member of the tumor necrosis factor (TNF) family and is a type II transmembrane protein [6] . EDA consists of 3 regions: an N-terminal intracellular domain, a transmembrane domain and an extracellular domain as well as a C-terminal domain which possesses the TNF homology domain. In order to be functionally active, EDA should be cleaved and released out of the cells where it forms a trimer that binds to the EDA receptor (EDAR) and activates it. EDA is cleaved at a special site referred to as the furin cleavage site; thus, any mutation at this site will result in the inability to form the active EDA trimer resulting in disease [6] . EDA is comprised of 8 exons, and several isoforms exist due to alternative splicing. The 2 most common isoforms are EDA-A1 and EDA-A2, which only differ by 2 amino acids, with EDA-A1 consisting of 391 amino acids while EDA-A2 consists of 389 amino acids. These 2 amino acids confer significant differences in function [7, 8] . Mutations in the EDA-A1 isoform are implicated in the pathogenesis of XLHED. EDA-A1 binds to the EDAR, which interacts with the EDAR-associated death domain, leading to the activation of nuclear factor B that translocates into the nucleus and activates other transcription factors involved in the development of skin appendages and teeth [3, 5] . Therefore, mutations in any gene along the pathway would be expected to result in HED; however to date, mutations have been detected mainly in EDA-A1 leading to XLHED, and less commonly in the EDAR and EDAR-associated death domain genes, leading to either autosomal recessive HED or autosomal dominant HED. Moreover, mutations in the nuclear factor B inhibitor I B ␣ and in NEMO (IKK ␥ ) cause a human HED syndrome with immunodeficiency [9] .
Recently, there have been several reports of mutations in the EDA-A1 gene leading to an isolated form of Xlinked recessive hypodontia (XLRH) [7, [10] [11] [12] . This observation was somewhat surprising, since perturbation of the EDA-A1 pathway is also implicated in the development of hair and sweat glands.
Here, we report 3 Pakistani families with a common founder mutation in the EDA-A1 gene, presenting clinically with isolated hypodontia.
Materials and Methods

DNA Extraction
After obtaining informed consent, we collected peripheral blood samples from family members in EDTA-containing tubes under institutional approval and in adherence to the Declaration of Helsinki principles. Genomic DNA was isolated from these samples according to standard techniques.
Mutation Analysis
All exons of the EDA-A1 gene with adjacent sequences of exonintron borders were amplified by PCR with primers and conditions described previously [4] . The amplified PCR products were directly sequenced in an ABI Prism 310 Automated Sequencer, using the ABI Prism Big Dye Terminator Cycle Sequencing Ready Reaction Kit (PE Applied Biosystems).
Haplotype Analysis
We performed haplotype analysis using 4 microsatellite markers (D15S162, DXS8031, DXS8107 and DXS8052) spanning the EDA-A1 gene. The amplification conditions for each PCR were 94 ° C for 2 min, followed by 35 cycles of 94 ° C for 30 s, 55 ° C for 30 s and 72 ° C for 30 s, with a final extension at 72 ° C for 7 min. The amplified PCR products were run on an 8% polyacrylamide gel, and genotyping was performed by visual inspection.
Results
Patients
The 3 families originated from different regions in Pakistan and are completely unrelated. The inheritance in the 3 families, family A, family B and family C, was consistent with an X-linked recessive pattern ( fig. 1 a) . By history, patients reported having several absent teeth as long as they could recall. Patients reported normal sweating and no recurrent episodes of elevated body temperature. On physical examination there was no gross craniofacial deformity except for thickened and everted lips in some of the patients ( fig. 1 b) . Dental abnormalities were variable among members of the 3 families, but the common finding in all patients was the absence of mandibular central incisors ( fig. 1 b) . Members of family A had severer dental abnormalities, including loss of mandibular and maxillary lateral incisors, canines and first and second premolars ( fig. 1 b) . Interestingly, some patients from the 3 families also had mild hypotrichosis ( fig. 1 c) .
Genetic Analysis
Direct sequencing of the EDA-A1 gene in affected individuals of the 3 families revealed the same missense mutation, designated c.1091T ] C (p.M364T; fig. 2 a) . Microsatellite marker analysis showed a shared haplotype among the affected members of both families, suggesting a common founder mutation ( fig. 2 b) .
Discussion
To date, 4 genes known to be implicated in tooth development, PAX9 , MSX1 , AXIN2 and EDA-A1 , have been well characterized [13] . Two main differences exist between the phenotypes arising from EDA-A1 mutations and the disorders arising from mutations in the other 3 genes. The first difference is that EDA-A1 mutations are inherited in an X-linked recessive pattern, while the others are inherited as autosomal dominant conditions [13] . The second distinction is related to the clinical presentation. EDA-A1 mutations lead to abnormal tooth development, predominantly affecting the mandibular teeth, whereas the other 3 genes primarily affect development in the maxillary region; moreover, in EDA-1 the anterior teeth are predominantly affected while in the others it is predominantly the posterior teeth. The average number of missing teeth in XLHED is 3.50 in the maxillary region and 5.30 in the mandibular region [13, 14] .
The most common teeth involved are the mandibular and maxillary lateral incisors and the mandibular central incisors [13] . EDA is expressed early in the development of the teeth, starting at the bud stage, and is then continuously expressed in the mesenchyme until the end of the cap stage [15] . This underscores the importance of the EDA gene not only in the formation of the normal number of teeth, but also in their morphology.
In recent years, there have been several reports of mutations in the EDA-A1 gene resulting in isolated Xlinked hypodontia. The mutations in EDA-A1 causing isolated X-linked hypodontia are V365A, Q358E, D316G, T338M, M364T, G255C, G291R, A259E, R289C, Arg334His and S374R [7, 10-12, 16, 17] . It is noteworthy that most mutations causing isolated XLRH are missense mutations that lie within the TNF homology domain. Normally, the TNF homology domain (residues 245-391) forms a homotrimer [18] which is essential for the correct binding of EDA-A1 to EDAR. Functional studies have shown that XLHED-causing mutations result in loss of binding of EDA-A1 to its receptor [16] while tooth agenesis-causing mutations do not inhibit the binding completely, since residual binding is observed [7] . Thus, the XLRH mutations still possess some EDA/EDAR signaling which may be sufficient for the development of other appendageal structures, but insufficient for complete tooth development [7] . In addition, generally patients with isolated XLRH have less severe dental anomalies than patients with XLHED, providing additional evidence that some EDA/EDAR signaling is partially active but not enough to form complete and normal teeth [7] .
Although residual signaling of EDA/EDAR in patients with isolated XLRH may be sufficient for the normal development of the hair follicles and sweat glands, a subclinical involvement of these appendageal structures may still exist. Skin biopsies confirming the presence of sweat glands may not be definitive, since these eccrine sweat glands might not be 100% functional, and a starch iodine test may be helpful in quantitating sweating. Moreover, mild hair abnormalities might not be clinically apparent and observation under light and electron microscope may be helpful. XLHED and XLRH share several features, they both have mutations in the EDA-A1 gene involved in the same signaling pathway and are transmitted as X-linked recessive diseases. Both conditions are associated with dental abnormalities, and as we have shown here, hypotrichosis can be observed in some patients with XLRH. XLHED patients will show clinically abnormal sweating and severer hair abnormalities as mutations in XLHED will completely inhibit the EDA/EDAR signaling, whereas in XLRH, residual activity may still be present. Given the striking similarities, we postulate that XLHED and XLRH represent a spectrum of one disease, and XLRH should be included under the same grouping as XLHED.
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Here, we studied 3 unrelated families from Pakistan with a missense mutation, M364T, in the EDA-A1 gene showing clinical features of XLHED limited mainly to hypodontia. Haplotype analysis was consistent with a common founder ancestor in the Pakistani population. Although the main clinical presentation was hypodontia, the majority of patients had thickening and eversion of the lips, and few had mild hypotrichosis, which are common findings in XLHED. Therefore, close examination of patients with mutations suggested to be related to isolated hypodontia may, in fact, reveal mild features of XLHED, suggesting that XLHED and XLRH represent variable expressions within the same disease spectrum.
